INTRODUCTION
The membrane-bound energy-transducing F1F0-ATPase has a remarkably similar structure in mitochondria, chloroplasts and bacteria. The enzyme complex can be readily dissociated into two portions, the F1-ATPase and the membrane-bound Fo sector, which forms a proton pore. In Escherichia coli the Fo is composed of three subunits with a stoichiometry of alb2cl0± 1 [1, 2] , whereas the F1 is composed of five subunits with a stoichiometry of a3Y18y1'1. It appears likely that the proton pore of the Fo sector consists of four amino acids, namely arginine-210, glutamic acid-219 and histidine-245 of the a-subunit and aspartic acid-61 of the c-subunit [3] .
The Fo sector from all sources contains a 'proteolipid' of 70-82 amino acid residues that is soluble in organic solvents. Many proteolipid subunits from various organisms have been sequenced and have been found to possess a number of features in common. Each of the proteins consists of two hydrophobic segments separated by a central polar region. Within the Cterminal hydrophobic segment there exists a conserved acidic residue, aspartic acid-61 in E. coli, which reacts with dicyclohexylcarbodi-imide (DCCD), resulting in inhibition of ATPase activity [4, 1] . In E. coli the proteolipid or c-subunit is coded for by the uncE gene [5] . Analysis of DCCD-resistant mutants has indicated that the c-subunit is folded in a hairpinlike structure in the membrane such that isoleucine at position 28 is close to aspartic acid at position 61 (6] . N.m.r. studies of the csubuait. indicate that the molecue has extensive a-helical segments and support a hairpin structure for the molecule [7] .
Within the N-terminal hydrophobic segment resides a glycinerich region which is highly conserved in proteolipid subunits from mitochondria, chloroplasts and bacteria [4] and which in E. coli contains the conserved residues glycine-23, -27 and -29 [4] . There also exists within the N-terminal of the c-subunit a helical arm of uniformly small amino acid residues consisting of glycine-18, alanine-21, alanine-25, glycine-29 and glycine-32, which overlaps the glycine-rich region. Strains carrying mutations at position 21 [8] and position 25 [9, 10] 
Bacterial strains and plasmids
All the bacterial strains used were derived from E. coli K12 and are described, together with the plasmids used, in Table 1 . Media and growth of organisms 2 YT broth was prepared as described by Miller [13] . The mineral-salts minimal medium used and additions were as described previously [14] . Cells for the preparation of membranes were grown in 14-litre fermentors essentially as described previously [15] . The media in the fermentor vessels were supplemented with 5 % (v/v) Luria broth [16] . Turbidities of cultures
were measured with a Klett-Summerson colorimeter. Growth yields were measured as turbidities after growth ceased in minimal media containing limiting (5 mM) glucose [9] .
Genetic techniques
The techniques used for genetic experiments were as outlined previously [14, 17, 18] .
Preparation of plasmid and phage-M13 DNA Plasmid DNA was prepared as described by Selker et al. [19] . The replicative form of phage M13 was prepared from 250 ml of 2YT broth culture inoculated with strain K37 and phage Ml 3 at a multiplicity of infection of 1.0. Late-exponential-phase cells were centrifuged and replicative-form DNA was prepared as described for plasmid DNA.
The isolation of single-stranded phage Ml 3 DNA was carried out as described by Messing [20] .
Site-directed mutagenesis
Site-directed mutants were constructed using an Amersham 'in vitro' oligonucleotide-directed mutagenesis kit. The oligonucleotide carrying the appropriate base substitution (see Table  2 ) was annealed to the single-stranded plasmid pAF27, extended by using DNA polymerase and ligated by using phage-T4 DNA ligase. Strain TGI was transformed with this preparation and the plaques so obtained were screened using the appropriate y-32P-labelled oligonucleotide as probe, under conditions favouring hybridization of the probe to mutant plaques. Confirmation of the expected mutation was made by DNA sequence analysis. Single-site incorporation of each mutant oligonucleotide was confirmed by sequencing, using'that oligonucleotide as primer.
DNA sequencing
Nucleotide sequences were determined by the dideoxy-chaintermination method of Sanger et al. [21] using a Pharmacia phage-T7 sequencing kit with [a-35S]dATP [aS] .
Preparation of cell membranes
The preparation and treatment of membranes were as described previously [22] .
ATPase activity
ATPase activity was measured by using the method described by Gibson et al. [23] . Underlined nucleotides denote differences from the wild-type sequence [27] .
-Amino acid Oligonucleotide substitution 5'-GCTGCGATCCTTATCGGCAT-3' Glycine-27 leucine 5'-GGCATCCTCCTGGGTAAATT-3' Glycine-32 leucine S'-AACACTACTACGTTTTAACT-3'* * Sequencing primer used for sequencing from the uncB-uncE intergenic region.
Two-dimensional gel electrophoresis
Membranes washed in 5 mM-Tes buffer containing paminobenzamidine were examined by two-dimensional gel electrophoresis as described previously [24] . This technique is essentially that of O'Farrell [25] , involving isoelectric focusing in the first dimension and SDS/PAGE in the second dimension.
Atebrin-fluorescence quenching Atebrin-fluorescence quenching was measured as described by Gibson et al. [23] .
Protein determination
Protein concentrations were determined using Folin's phenol reagent [26] .
RESULTS
Isolation of amino acid substitutions glycine-27 --leucine and glycine-32 -* leucine within the c-subunit
Site-directed mutations resulting in amino acid substitutions glycine-27 --leucine and glycine-32 -> leucine were constructed by using the appropriate oligonucleotide listed in Table 2 . The replicative form of the phage M13 carrying each mutation was digested with restriction endonucleases HindIll and ClaI, releasing a 2.2 kb fragment carrying the uncB, uncE and uncF genes. The digested replicative form was mixed with HindIIIClaI-digested vector pAN174 and ligated with phage-T4 DNA ligase. Strain AN727 (uncB402) was transformed with each ligation mix and transformants were selected on rich medium containing chloramphenicol and tested for ability to grow on succinate as the sole carbon source. The strains so constructed were designated strain AFl 0 (glycine-27 -leucine) and strain AFl 13 (glycine-32 --leucine). Unexpectedly, strain AFl 10 failed to grow on succinate minimal medium, whereas strain AF 113 grew normally on this medium.
Plasmids were prepared from a small number of transformants carrying each mutation and analysed by digestion with restriction endonucleases HindIlI and ClaI. A restriction pattern identical with that of control plasmid pAFl9 was observed in each case, confirming the presence of the 2.2 kb fragment carrying each sitedirected mutation. One such plasmid carrying the glycine-27 -> leucine mutation was designated pAF25 and one carrying the glycine-32 -> leucine mutation was designated pAF26. The mutant allele resulting in the substitution glycine-27 --leucine was designated uncEJ004, whereas the allele resulting in the substitution glycine-32 -> leucine was designated uncE1005.
Growth properties of strains carrying the glycine-27 -> leucine and glycine-32 -+ leucine mutations Strain AN943 (uncE429) was used to examine the properties of the mutation carried on plasmid pAF25 and plasmid pAF26, since the chromosomally encoded uncE429 gene product does not assemble into the membrane [28] . Plasmids pAF25 and pAF26 were transformed into strain AN943 (uncE429) and transformants were selected on rich medium containing chloramphenicol. The strains so constructed were designated strain AFl 11 and strain AF1 14. Both strain AFl 11 and strain aF1 14 are unable to grow on succinate as the sole carbon source and possess a growth yield similar to the uncoupled control strain AF55 (pAN174/uncE429) ( Table 3) .
The lack of complementation displayed by plasmid pAF25 in complementation tests with strain AN727 (uncB402) was investigated. Plasmid pAF25 was transformed into strain AN1440 (uncF469) and transformants were selected on rich 1990 Cell membranes were prepared from mutant strains AF 111 and AFi 14, together with coupled control strain AF89 (pAF19/uncE429) and uncoupled control strain AF55 (pAN 1 74/uncE429).
The ATPase activities of membranes from strain AFl 11 and strain AFI 14 were similar to the uncoupled control strain AF55 (pAN 1 74/uncE429) ( Table 3 ). The basal ATPase activity present in membranes in these experiments is due to cell debris in the pellet which co-sediments with the membrane fraction during centrifugation.
The possibility that the F,-ATPase from strains AFl11 and AFl 14 was inhibited while bound to the membrane was investigated. Membrane fractions were dialysed against lowionic-strength buffer in the absence of p-aminobenzamidine and re-assayed. The dialysis treatment causes the F1-ATPase to be released from the membranes [29] . The ATPase activities of strain AFl 11 and strain AF1 14 were essentially unchanged by dialysis (Table 3) . By contrast, dialysis of membranes from strains carrying the alanine-25 --tyrosine substitution [10] or the glycine-29 -> valine substitution [29a] 
Two-dimensional PAGE
The membrane preparations from strain AFi 11, strain AF1 14, uncoupled control strain AF55 and coupled control strain AF89 were examined by two-dimensional PAGE (Fig. 1) . The identification of the F1-subunits in the gels has been determined previously by the electrophoresis of a mixture of membranes and a purified F1-ATPase preparation [29, 30] . Membranes from strains carrying the uncE429 mutant allele possess a low level of hound a-and f-subunits and lack the y-, d-and c-subunits [31] .
Membranes from strains AFl 11 and AFI 14 possess a low level of both a-and ,-subunits, and the y-subunit is missing (Figs. la and b) . These membranes are typical of membranes from strains carrying the uncE429 background and resemble membranes from the uncoupled control strain AF55 (pAN1741uncE429), which possess a very low level of a-subunit and lack the y-subunit (Fig. 1 c) . Membranes from the coupled control strain AF89 (pAFl9/uncE429) display a normal amount of a-, ,-and y-subunits (Fig. Id) . Thus both the glycine-27 -* leucine substitution and the glycine-32 -> leucine substitution within the c-subunit appear to prevent normal assembly of the F,-ATPase on the membrane.
Atebrin fluorescence quenching
Membrane preparations from the mutant and control strains were assayed for ATP-dependent and NADH-dependent atebrinfluorescence-quenching activities before and after the removal of the F,-ATPase (Fig. 2) . Membranes from the mutant strain AFIl 1 retained NADH-dependent atebrin-fluorescencequenching activity and lacked ATP-dependent atebrinfluorescence-quenching activity (Fig. 2) . Membranes from the mutant strain AF114 possessed an atebrin-fluorescencequenching activity identical with that of membranes from the mutant strain AFl 11 (Fig. 2) . regions where 'ridges-and-grooves' packing occurs between adjacent helices; (b) helical-wheel diagram of helix C, and helix C2, illustrating the proposed relationship between residues on each helix.
DISCUSSION
The present work describes the use of site-directed mutagenesis to study the structure and function of the highly conserved glycine-rich region within the E. coli c-subunit of F F0-ATPase. The properties of strain AF 111 and strain AF1 14 indicate that the substitution of large amino acids for small ones at position 27 and position 32 in the c-subunit affects assembly of the F Fo- [10] . Strains carrying the uncEJ001 allele, however, possess a fully assembled FIFO-ATPase [10] . In contrast, the uncE1005 allele, which codes for a c-subunit in which glycine-32 is replaced by leucine, when carried on plasmid pAF26 complements strain AN727 (uncB402) and strain AN1440 (uncF469), as judged by growth on minimal medium containing succinate as the sole carbon source. However, the growth yield of a transformant derived from strain AN727 (uncB402) carrying plasmid pAF26 is significantly lower than the growth yield of the coupled control strain AF88. This result suggests that the mutant c-subunit coded for by the uncE1005 allele also assembles into the Fo at least to a small extent. The ATPase activities of membranes prepared from mutant strains AFl 11 and AF1 14 were similar to the uncoupled control strain AF55 (pAN174/uncE429). The low level of membranebound ATPase activity is consistent with the uncoupled growth yield of the mutant strains and their inability to grow on succinate as the sole carbon source. In order to examine the possibility that the F1-ATPase was assembled, but inhibited, when bound to the membrane, membranes were dialysed against low-ionic-strength buffer in the absence of p-aminobenzamidine. However, no significant increase in ATPase activity from membranes of strain AFl 11 and AF1 14 was detected, indicating that normally assembled F1-ATPase was absent from the membranes in these strains. In contrast, membranes from strains carrying either the alanine-25 --tyrosine substitution or the glycine-29 -> valine substitution possess a fully assembled ATPase which is inhibited when bound to the membrane [10,29a] .
Assembly of the F1-ATPase in the mutant strains AFl 11 and AF1 14 was examined by two-dimensional PAGE. Membranes from strain AFl 11 and strain AF1 14 displayed a low level of aand fl-subunits, and the y-subunit was missing, in contrast with membranes from the coupled control strain AF89 (pAF19/ uncE429), which display a normal level of these subunits. Mem- branes from both mutant strains lack ATP-dependent atebrinfluorescence-quenching activity and are proton-impermeable.
Other mutations in the uncE gene affecting assembly of the csubunit have been described. Mutant c-subunits carrying the glycine-23 -> aspartic acid substitution coded for by the uncE429 allele [28] fail to assemble into the membrane apparently because burying an additional charged residue in the lipid bilayer is thermodynamically unfavourable [28, 32] . A mutant c-subunit carrying the glycine-58 -> asparagine substitution assembles poorly [34] , presumably for the same reason. The leucine-31 phenylalanine substitution within the c-subunit prevents assembly unless the gene coding for the mutant subunit is present on a multicopy plasmid, which results in an increase in gene dosage [28] .
A model has been proposed for the structure of the Fo-ATPase in which a-and b-subunits are surrounded by a ring of six csubunits [35] . A revised model of the quaternary structure of the c-subunit is proposed on the basis of a stoichiometry of 10 + 1 csubunits per E. coli Fo sector [2, 4] , together with the results presented here. The model, which can accommodate seven transmembrane ac-helices from the a-and b-subunits [5] enclosed within a ring of nine c-subunits, is similar to a model proposed by Fromme et al. for the quaternary structure of the proteolipid from chloroplast F0 [36] . The postulated structure, represented in Fig. 3(a) , is stabilized by tight 'ridges and grooves' packing between adjacent helices [37] .
The disruption of ATPase assembly caused by the substitution of large amino acids for small ones at positions 27 and 32 within the c-subunit may be caused by steric hindrance of normal csubunit assembly. The results presented in here indicate that subunit (see Fig. 3b ). Aspartic acid-61 is postulated to be directed towards the residues of the a-subunit which form the proton pore [5] . This arrangement is consistent with the radioactivelabelling studies by Steffens et al. [38] , who used the hydrophobic photoactivatable reagent 3-(trifluoromethyl)-3-(m-['25I]iodophenyl)diazirine to label methionine residues within the c-subunit.
Those studies indicated that when intact Fo is reconstituted into proteoliposomes, methionine-65 and, to a small extent, methionine-11 and methionine-57 are accessible to the hydrophobic probe. However, when subunit c alone is reconstituted into proteoliposomes, methionine residues at positions 16, 17 and 57 are also labelled heavily by the hydrophobic probe, indicating that these residues are protected from the probe by the presence of the a-and b-subunits in normal intact Fo (see Fig.   3b ).
The results presented here indicate that both the glycine-rich region and the helical arm of uniformly small amino acids (glycine-18, alanine-25, glycine-29 and glycine-32) are involved in interactions which determine the quaternary structure of the csubunit. According to the model presented in Fig. 3 , the alanine-25-->threonine [9] , alanine-25->tyrosine [10] and glycine-29-> valine [29a] substitutions which affect ATPase function, but not assembly, may also disrupt the normal quaternary structure of the c-subunit.
